Optimization of the location of a rectangular piezoelectric actuator and both the size and location of a rectangular surface strain error sensor constructed from polyvinylidene fluoride (PVDF) for active structural acoustic control (ASAC) is studied in this work. An algorithm is proposed for choosing the optimal actuator/sensor configuration for controlling sound from a baffled simply supported plate excited harmonically, and the resulting acoustic response is predicted from analytical models. These results are compared to those measured in the lab on a test rig duplicating the appropriate boundary conditions and situated in an anechoic chamber. Results from a single optimally located control actuator are compared to those from control with a nonoptimally positioned actuator as well as multiple control actuators. In addition, either microphones are used to provide error information in the test cases or a single optimally located and dimensioned PVDF error sensor is implemented as the cost function. Results from this study indicate that optimization of control actuators and error sensors provides a method for realizing adaptive structures for active structural acoustic control (ASAC), rivaling in importance the performance increases gained when acoustic control is achieved with microphone error sensors and multiple control actuators.
phones located in the acoustic far field as error sensors, the structure is equipped with a sensor bonded to the surface that yields equivalent error information.
The purpose of this work is to both analytically and experimentally demonstrate the advantages afforded with optimization of both piezoelectric actuators and polyvinylidene fluoride error sensors in active structural acoustic control. For the purpose of this study, a baffled, simply supported, rectangular plate is implemented as the test structure example since an analytical solution for both the acoustic response and structural response can be readily computed. In both the analytical study and the experiments, the plate is excited by a harmonic point force disturbance, and control is achieved with piezoelectric actuators and PVDF error sensors. Linear quadratic optimal control theory was used to determine the analytical response, while the filtered-x version of the adaptive LMS algorithm was implemented on a TMS320C25 digital signal processing board to achieve control experimentally. 11
The theory required to determine the optimal actuator and error sensor location are outlined, and several test cases are chosen to demonstrate the level of' control achievable.
Both experimental and analytical results are presented for optimally located actuator/error sensor configurations and multi-channel nonoptimal configurations. By comparing the experimental and analytical results, the design approach implemented in the optimization routine was evaluated. In addition, to demonstrate the advantages afforded with optimization, results comparing optimally located actuator/sensor configurations are compared to those for multi-channel nonoptimal configurations. Results from this study demonstrate that a single, optimally located, piezoelectric actuator and PVDF error sensor result in reduction of structureborne sound rivaling that achieved with three arbitrarily located actuators and three microphones located in the acoustic field as error sensors.
I. THEORY
The optimal location of single or multiple piezoelectric actuators for controlling structure-borne sound was theoretically obtained as previously outlined by Wang and Fuller utilizing an acoustic objective function consisting of a finite number of microphones approximating the total radiated acoustic power. 18 This approximation of the objective function is much less computationally intensive and yields optimal designs approaching that achieved when using the radiated acoustic power as the objective function. A flow chart of the solution strategy, which is similar to that presented earlier by Wang and Fuller is presented in Fig. 1 .17 As illustrated, two alternative paths exist in the flow chart. In the first path, the optimal location of the control actuator(s) is determined, and upon converging to a solution meeting the required accuracy test, the second path of the algorithm is executed. In this path, the optimal size and location of a rectangular PVDF error sensor(s) is determined with the same acoustic objective function and the previously computed coordinates for the optimal location of the rectangular control actuator(s).
The core algorithm for determining the optimal piezoelectric actuator location (s) or the optimal PVDF error sensor size(s) and location (s) is identical. Linear quadratic optimal control theory is used to compute the optimal control solution for the given control actuator/error sensor loca- Step 1
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Step 4 tion (s) in step 1, regardless of whether path 1 or path 2 is taken. Upon determining the optimal solution for the given actuator/sensor configuration(s), the objective function and constraints are evaluated in step 2. In step 3, the gradients of the objective function and constraints are computed for the current actuator location (s) or current error sensor size (s) and location (s), depending on whether path 1 or path 2 is taken, respectively. Upon determining the gradients, the optimization algorithm is invoked in step 4, and the actuator or sensor design parameters are updated depending on the chosen path. The accuracy test is completed based upon the updated parameters and the program either terminates or proceeds. The distinguishing feature of the algorithm presented is that the optimal control voltages are obtained by linear quadratic optimal control theory (LQOCT). This method of solution was chosen to reduce numerical difficulty and consequently computational time. To clarify the optimization approach, step 1 of the algorithm is outlined in Sec. I A to describe the method of implementing linear quadratic optimal control both for path 1 and path 2 of Fig. 1 . The remaining steps of the algorithm are outlined in Sec. I B to provide the necessary information for determining the optimal actuator/sensor configuration. Since the core algorithm is identical for optimization of actuator location (s) or sensor size(s) and location (s), the following description applies to either path 1 or path 2 of the flow chart.
A. Linear quadratic optimal control theory
In developing the analytical model for the purpose of this study, one must derive the response of the plate to a point force representing the disturbance, and a piezoelectric actuator representing the control input. In addition, analytical models with a computed response proportional to the response of the chosen error sensors (i.e., microphones and PVDF strip sensors) must be derived. After developing the sensor and actuator equations, the control approach must be modeled mathematically. For this particular study, linear quadratic optimal control was chosen to obtain the optimal control voltage at the piezoelectric actuator. To convey this information, subsections are devoted to actuator models, sensor models and control approaches. Due to constraints on the length of this paper, only the necessary equations to construct the computational model are presented; however, references are included where the reader can find expanded discussions on the components.
Actuator equations
As stated earlier, the structure chosen for this particular study is a simply supported plate with the following response 
p= Epe (1 --v 2) K, 
While the above equation yields the optimal solution, it may not be the most computationally stable method of solving for the complex control voltages. In addition, the number of error sensors must be greater than or equal to the number of actuators or the system of equations is under determined.
If path 1 of the algorithm depicted in Fig. 1 is executed, the error sensors chosen in the linear quadratic optimal control solution are microphones with coordinates corresponding to those implemented in the nonlinear optimization algorithm of step 4. Microphones were chosen in this path since they provide the best estimate of the desired cost function (i.e., far-field sound radiation) and as previously discussed, the number of error sensors must be greater than or equal to the number of control actuators to yield a unique solution to Eq. (16). Upon converging to a solution, the optimal location(s) of the control actuator(s) for minimizing far-field sound radiation is obtained. If path 2 of the algorithm is executed, the piezoelectric actuator location(s) obtained from path 1 is used as the control input, and as opposed to microphone error sensors, the PVDF error sensor(s) is implemented in the linear quadratic optimal control since the location (s) and dimensions of the rectangular sensor (s) are the variables to be optimized. Note that in both cases, the objective function for the nonlinear optimization is an approximation of the far-field sound power radiated based upon evaluating the pressure at a discrete number of acoustic field points. Optimization of the sensor design parameters continues until the objective function in the nonlinear optimization is reduced to the same level as that obtained in path 1. At this point, the maximum control authority of the actuator(s) over the acoustic field has been obtained. Further optimization of the PVDF sensor design parameters cannot increase the level of acoustic control achieved with the given optimally located control actuator(s).
B. Nonlinear optimal control algorithm
Whether the piezoelectric actuator location (s) is being optimized or the PVDF error sensor size(s) and shape(s) are being optimized the format of the design variables is identical. As a result of this observation, the initial formulation of the nonlinear optimization algorithm will be presented in generic form for optimization of a rectangular element. This element can be the actuator or the error sensor depending on whether path 1 or path 2 of Fig. 1 is chosen. A schematic of the simply supported plate configured with a rectangular patch whose location and size are to be optimized is presented in Fig. 3 . The dimensions of the rectangular element in the x and y direction of the coordinate system will be denoted wx, and wy,, respectively. The spatial coordinates of the center of the rectangular element will be denoted •i and Yi with respect to the x-y axis. These variable parameters are independent of whether the rectangular element is termed an actuator or a sensor.
If path 1 of the algorithm is chosen, the total radiated sound pressure can be written as a function of the coordi- 
subject to the equality constraints h•(x) =0, for j= 1,me, Several test cases were conducted to demonstrate the performance and efficiency advantages resulting from optimization, and for each experiment conducted, the analytical results were computed for comparison. Results comparing the controlled acoustic response achieved with the three nonoptimal actuators are compared to those implementing control with the optimally located actuator. Test cases utilizing the optimal control actuator and the three nonoptimal control actuators were conducted implementing three acoustic error sensors (microphones) at a radius of 1.6 m and angles for 0 and •b of (45ø,0ø), (45ø,180ø), and (0ø,0 ø) as referenced in Fig. 2 . Upon completing these test cases, the piezoelectric actuator configured in the optimal location was used in conjunction with the PVDF error sensor optimally sized and located. Results from this single channel control case were compared to those from the previously performed multi-channel control cases. Optimization was restricted to a single channel in this study since no significant advantage was gained by optimizing the location of multiple control actuators for the particular test case chosen.
III. RESULTS

A. Evaluation of optimal actuator location
The results presented in Fig. 6(a) and ( ond case, all three nonoptimally located actuators (denoted C1,C2,C3) were utilized to achieve control, and finally, the optimally located actuator (denoted OPT-PZT) was used to achieve acoustic control. Both analytical and experimental results are compared in Fig. 6 (a) and (b) , respectively. Analytical results predict an increase in acoustic attenuation on the order of 10 dB when implementing the optimally located actuator as compared to the nonoptimally located control actuator as observed in Fig. 6(a) 6(b) to the predicted results, the "notches" at the error microphones were measured; however, the residual response is much poorer than predicted. In general, the level of acoustic attenuation near the baffle is significantly less than that predicted. This phenomenon could be due to dipole effects resuiting from the finite dimension of the baffle. In addition, the error between the predicted and measured structural response of the plate has been shown to increase with increasing number of actuators used to drive the structure for the approximate dynamic model of the piezoelectric actuator implemented in this study.
•6 Thus errors in computing the acoustic response of the structure based upon the approximate dynamic model of the piezoelectric actuator contribute to the discrepancies observed in the multi-actuator control case. The exact cause of this deviation between theory and experiment for the acoustic response of the plate is however unknown. Based on experimental results, levels of acoustic attenuation achieved with the optimally located control actuator rival those achieved with three nonoptimal control actuators and certainly surpasses that of a single non-optimally located control actuator.
B. Evaulation of optimal actuator/sensor configuration
The final set of tests were chosen to evaluate the levels of acoustic attenuation achieved when the PVDF error sensor is used as the cost function as opposed to the three microphones previously discussed. In the first test case, a nonoptimally located control actuator (denoted C1 ) is used in conjunction with the optimally oriented PVDF error sensor (denoted OPT-PYDF) to compare results with the optimal actuator/sensor configuration. The predicted level of attenuation for the nonoptimal actuator is approximately 5 dB as illustrated in Fig. 7 (a) , which is comparable with that predicted when using microphone error sensors as illustrat- In the final test case, the acoustic response when implementing microphones with the optimally located actuator (denoted OPT-PZT,45,0, -45 ) is compared to the acoustic response resulting from control with the optimal actuator/ sensor pair. Both the predicted and measured acoustic re-sponse of Fig. 7 (a) and (b) yield similar trends. In general, the level of acoustic attenuation for the optimal actuator/ sensor configuration is the same as that measured and predicted when the optimal actuator was used in conjunction with the three microphone error sensors. In addition, the total power radiated from the structure upon achieving con- Considering the modal response of the plate, the optimal actuator location appears logical. For off-resonance response, as the modal density of the plate increases (i.e., number of modes contributing significantly to the structural response) the control actuator must be able to efficiently couple into the structural modes which radiate sound. As the actuator draws closer to the boundaries of the plate, the number of modes that can be excited increases. For example, an actuator capable of coupling into all structural modes of the plate would be very small and located in the corner of the plate. However, this would require an extremely large control voltage to elicit response due to the high structural input impedance at this location, and is therefore not practical. In addition, for structural-acoustic control the objective is not necessarily to control all modes on the plate, rather to control those modes contributing to the far-field sound radiation. Excitation of modes with poor radiation efficiency can be conveniently reduced by positioning the actuator over or near the nodal line of the given mode. In other words, the position and dimension of the control actuator creates a spatial window on the surface of the structure which can be used to "filter" the structural modes excited by the actuator in both relative phase and magnitude, thereby creating a response which most efficiently couples into the modes radiating sound. A similar interpretation can be used upon viewing the optimally located and sized PVDF error sensor depicted in Fig. 4 . The sensor creates a spatial window defined by its dimension and position on the surface of the plate. Since the goal is to eliminate the radiating acoustic modes, sensor design parameters are optimal when the "filter" created by the spatial window of the sensor observes only those modes con- optimal design of a structural PVDF error sensor for structural-acoustic control resulted in a sensor whose dimensions and position were such that the spatial window created by the sensor resulted in a control function proportional to the sound radiation from the structure (i.e., a supersonic wavenumber filter 
